Abstract Experimental work carried out in this work has investigated the scale-up of microbial fuel cell (MFC) technology by studying the stacking of single microbial fuel cells, paying attention to the electric and hydraulic connections between each unit. To do this, the performance of three stacks (which were set up with different configurations) was studied for more than three months. The first stack (two hydraulically non-connected cells) was operated for 80 days without any electric connection between them, in order to determine the reproducibility of the performance of a single MFC, and then it was electrically connected in parallel for 20 days to determine if the electricity produced by each single cell was added when they were joined in the stack. The other two stacks (with five and ten cells, hydraulically connected) were connected electrically in series during the first 80 days and in parallel during the last 20 days. The results confirmed that connection in parallel allows higher current intensities and power to be obtained, and that the total electrode surface area attained with the stack is directly related to the production of electricity and to the removal of COD, although not in a linear way.
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Introduction
Microbial fuel cells (MFC) are bioelectrochemical devices that may directly transform the chemical energy contained in the chemical bonds of the organic matter into electricity, using microorganisms' metabolism. In the search for alternatives to the negative environmental consequences of the use of conventional fossil fuels, they are becoming a promising topic of research [1] [2] [3] [4] [5] [6] . Thus, in recent decades, a great deal of attention has been paid to MFCs as a technology to obtain clean energy from waste such as urban wastewater or industrial effluents, taking into account the capacity of the MFCs to recover this energy by degrading pollutants contained in the wastewater [7] . However, this is not the only application of MFCs that has been researched, and currently, their evaluation as devices to power small equipment with different purposes is also a hot topic, worthy of research [8, 9] . In fact, it is the most realistic application of this technology because the low demands of these equiptments could be powered by this type of power sources.
Conventional MFCs consist of an anodic compartment where microorganisms oxidize the organic fuel, and a cathodic compartment where oxygen is reduced to water.
The compartments are usually separated by a proton exchange membrane (PEM) [10] . The electrical efficiency of MFCs depends on multiple factors such as electrode material [11] [12] [13] [14] , cell configuration [15] [16] [17] , microorganisms' cultures [18] [19] [20] [21] , and fuel characteristics such as organic load [22, 23] , conductivity and pH [24] .
Despite the huge research efforts made in the last decades, the total amount of energy produced by a single MFC is still very low for real applications and far from an applicability target [25] [26] [27] . Thus, the scale-up of MFCs is necessary and stacking seems to be the best choice, because the increase of the electrode surface area does not lead to the expected results, perhaps because of the large ohmic resistances associated with these special types of power sources [28] [29] [30] [31] .
Regarding stacking: theoretically, the connection of single MFCs in series could be a solution to improve the voltage, while the parallel connection should be a very efficient method to increase current capacity. However, electricity is not the only parameter that should be connected between cells, because fuel and comburent feeding need also to be defined in this scale-up procedure [32] [33] [34] [35] . Different authors have previously faced scale-up of the technology and have observed how the energy produced increases as compared to single MFCs [25, 36] . However, because of the large number and high interelation of the processes involved, this scale-up is not a simple procedure and many problems have been found when it has been tried, this being currently an interesting topic for further research [37] [38] [39] [40] [41] [42] [43] [44] . For example, Dekker built a stacked-MFC of 20 L of volume, using synthetic wastewater obtaining low energy generation of 11 W L -1 , due to the possible effect of voltage reversal in some cells of the system [45] . To avoid this problem, a progressive scaling of the technology had to be carried out.
In this work, three different stacks were operated for more than three months and tested in order to determine how the connection of single MFCs can enhance electrical output for real applications. The effects of the hydraulic and electric connections were evaluated in terms of degradation of the COD contained in the wastewater and in terms of the electricity production. Hydraulic connection may have a great influence because the efficiency of each single MFC is expected to be higher as the concentration of substrate increases in the nearness of the anodes. The sequential pass of same fuel through different cells can lead to the partial exhaustion of its organic load and hence affect to this efficiency. Electric connection is also important because of the low current produced, which may be very severely affected by the parasitic loses associated to the electric connection of single cells.
Materials and methods

Experimental set-up
The set-ups used in this research consisted of three different stacks of MFCs: Stack 1(two stacked-MFCs), Stack 2 (five stacked-MFCs), and Stack 3 (ten stacked-MFCs). A scheme is shown in Fig. 1 .
All the single MFCs that formed all the different stacked-MFCs consisted of two chambers (4 cm 3 volume in each one), separated by a proton exchange membrane, PEM (Sterion Ò ), which has a high ionic conductivity (0.9-0.02 meq g -1 ) and low electronic conductivity (8 9 10 -2 S cm -1 ). An MFC is formed by two phenolic resin plates and two silicon plates in order to improve the mechanical properties and avoid liquid leakage. Carbon felts (KFA10, SGL Carbon Group Ò ) were used as electrodes in both chambers (each one being 7 cm 2 ). The space between the electrodes was minimized in order to reduce the ohmic drops as much as possible. The electrodes were connected serially and in parallel during the experiments and an external resistance (R ext ) of 120 X was used to complete the electric circuit; this R ext was chosen to operate in a proper range of intensities and voltages, preventing activation losses [46, 47] . The stacked-MFCs studied in this work were operated simultaneously in semi-continuous mode and at room temperature (24 ± 2°C). The cathode compartments were connected to a water reservoir of 100 cm 3 , and a peristaltic pump was used to circulate an HCl solution (pH 3) from the reservoir to a cathode compartment in order to avoid a low concentration of protons that could decrease the electrical efficiency of the biological reactors. A fishery compressor was placed in the cathode reservoir to provide oxygen to the solution, the flow rate being 1.6 L min -1 .
Inoculum and substrates
Activated sludge from a wastewater treatment plant (Ciudad Real, Spain) was used as inoculum for the anodic compartment. The activated sludge was preconcentrated by a sedimentation process and placed in the anodic compartment without aeration in order to favour the formation of an anaerobic mixed culture of microorganisms for three days. During these three days, no synthetic wastewater was added to the microorganisms' culture. In all cases, inorganic and organic compounds of the synthetic wastewater were the same for the different stacked-MFCs (see Table 1 ).
The stacked-MFCs were fed once a day. Nevertheless, the operation process can be considered as semi-continuous within long periods of time. Hydraulic retention time (HRT) was the same for all devices (3.16 d). To avoid the change of parameters that could affect the electricity generation of the stacked-MFCs, all devices were operated at the same time, maintaining all input parameters in the same value, even the nutrient solution. The concentration of these inorganic and organic compounds was high enough for them to not become limiting reagents.
Experimental procedure
A digital multimeter (Keithley 2000 multimeter) was connected to the external electric circuit to continuously monitor the cell voltage of each stacked-MFC at the value of the external resistance (120 X) [46, 47] . Chemical oxygen demand (COD) in the output effluent was evaluated using a Velp ECO-16 digester and a Pharo100 Merck spectrophotometer analyzer. pH, conductivity, and dissolved oxygen were measured with a GLP22 Crison pH meter, a Crison Cm 35 conductivity meter, and an Oxi538 WTW oxy meter, respectively. Polarization curves were measured in all the stacked-MFCs. Three important parameters were evaluated: open circuit voltage (OCV)-or the maximum voltage value without the external loadsthe maximum intensity and the maximum power density of all the stacked-MFCs. The polarization curves can be divided into three important zones: a decrease of the current due to the activation loses, a linear decrease due to the ohmic loss (at this point, the internal resistance of each stacked-MFC could be calculated), and the third zone at high intensities and low voltages that give information about the mass transfer limitations (due to the concentration losses). Figure 2 shows the changes measured, over a 100-day period, in the COD of the anodic compartments of the three stacked-MFCs tested in this work, named as Stack 1 (two cells), Stack 2 (five cells) and Stack 3(10 cells). All of them were fed simultaneously with the same synthetic wastewater, so the input of organic and inorganic compounds was the same in all cases, including the influent COD shown in both plots. Part A compares this influent COD with the COD measured at the outlet of the two cells that form Stack 1. In this case, the two cells were fed separately with the same wastewater and two different effluents were formed, not related to each other from the hydraulic point of view. A comparison of the results obtained in both will help to check the reproducibility of these systems. Meanwhile, Part B compares the influent COD with the COD of the outlet of Stacks 2 and 3, for which the effluent of each of the cells that form the stacks becomes the influent of the next cell. Hence, there is only one common outlet in each stack, corresponding to the outlet of the last MFC stacked in the device. Stack 2 is smaller, because it is made up of five single MFCs, while Stack 3 connected 10 single cells in series from the hydraulic point of view. No other differences can be found between both devices. It is important to bear in mind that MFCs are set up with a reservoir tank, from which the anolyte is continuously recirculated to the cell, in order to favour suitable mixing conditions and easy operation. This means that in the case of Stack 1, there are two different (and not related) reservoir tanks, while in the case of Stacks 2 and 3, there is only one reservoir tank for each stack. No electrical connecƟon Fig. 1 Scheme of the three stacks tested in this work Nevertheless, the feeding procedure consists of replacingevery day-a volume of the mixed liquor contained in this tank with fresh wastewater. The volume of the reservoir tank is always the same (100 cm 3 ) and it is very high when compared to the surface area of the anodes (7 cm 2 each) or the volume of the anodic compartment (4 cm 3 each). This means that a very important contribution of suspended culture can be expected, and any discussion should not be limited solely to the performance of the microorganisms fixed on the anode surface or those contained in the vicinity (anode compartment), although they are going to be more strongly related to the electrochemical processes, because electrochemical processes become less important as the distance to the electrode increases, which in turn is explained because the ohmic resistances increase in an important way with this input. Another important consideration in understanding the results compared in this work is that there were two separate periods of operation, marked by a discontinuous line in the graphs. They underwent exactly the same conditions from the substrate feeding point of view and they only differed in the type of electric connection applied between the cells that form the stack.
Results and discussion
Taking all these into account, as can be observed, COD is partially consumed in all tests by the microorganisms contained on the anodes and in the anodic compartments. As can be deduced from the results of Stack 1, a single cell is not enough to deplete the COD load, although a very important consumption is obtained. In comparing the two effluents obtained for Stack 1, it can be stated that COD consumption has a great reproducibility because the two systems lead to very similar COD removals, in particular when the system is left to reach a stationary response (for the period between days 50 and 70). Likewise, in comparing the two effluents produced by Stack 1 with the single effluents of Stacks 2 and 3, it can be observed that the COD consumption increases with the anodic area of the stack (7 cm 2 in the case of the two cells of Stack 1, 35 cm 2 in the case of Stack 2 and 70 cm 2 in the case of Stack 3), despite the significant volume of the reservoir tanks, which is the same in the four cases (100 cm 3 ). This means that surface processes have a significant influence on the performance of the stacks, despite the very important volume of the reservoir tank, and contribute in an important way to the overall COD removal. It is important to bear in mind that in all the tests, the HRT, room temperature, and nutrient solution were kept within the same values for the three stacks in order to improve the reproducibility of the bioelectrochemical process. Hence, the changes in COD removal and electricity generation are only due to the different number of stacked-MFCs in each device and to the electric connection between cells.
Another important observation that can be made from the three stacks is that the long-term COD concentration tends toward stationary values in all cases, as is expected for semi-continuous reactive systems, such as the stacks studied in this work. In fact, within long periods the bioreactor has to be considered as a continuous reactor, while for shorter periods it behaves like a discontinuous reactor, as can be appreciated in the cycles shown in Fig. 3 , corresponding to three selected days of operation and for which the effect of the feeding cycle can be clearly observed. Taking into account this behaviour as a continuous process using long-period approaches, the COD consumption rate can be obtained using a mass balance, taking into consideration this flowdynamic approach for the stacked-MFCs, using Eq. 1, where q stands for the daily flowrate, V is the total electrolyte volume (anodic compartment and reservoir) and r COD is the COD consumption rate. Subindex 0 refers to inlet and 1 to outlet. Figure 4 compares the values of stationary COD consumption in the three stacks during the two operation periods by representing it versus the anode area. In addition to the improved COD consumption rate with an increase in the anode surface area, it can be seen how the change in the electric connection of Stack 1 leads to an increase in the COD consumption of each cell, suggesting a positive effect. Likewise, the change in Stacks 2 and 3 from series to parallel was also reflected in a more important COD consumption. It is important to remark that in all cases the removal of COD was very effective, and hence, it may be limiting the rate of the process.
COD is the main operating parameter of a microbial fuel cell if we consider it as an environmental technology but not when we study MFC as an energy power source. In this case, the current intensity produced becomes the more important parameter. The changes in the current intensity produced by the three stacks over the 100-day operation period are shown in Fig. 5 . Clearly, it can be distinguished as a first stage in which no electricity was produced, followed by a second stage in which the current produced rises exponentially and which lasts with the stabilization in the production of current. These three periods can be easily associated with the well-known latent, exponential and stationary growth of any microbial culture and they are typically observed during the acclimation of most MFCs.
Here, we are observing that this is also the case when MFCs are connected in stacks. An important factor that should be pointed out is that the three phases were not observed in the COD removal, and this difference can be explained by taking into account that bioelectricity-producing microorganisms are generated from the microorganisms seeded, progressively replacing the nonbioelectrogenic microorganisms in the removal of COD.
Another very important observation that is obtained from the comparison of the two cells that form Stack 1 (Part A) is that-opposite to what happened with COD removal-great differences are observed between the electricity produced by both cells. During the first period, the cells were operated as single MFCs and no electric or hydraulic connection existed. As both MFCs are within the same conditions, the significant differences confirm the difficulties faced in finding reproducible results when operating with MFCs, most likely because of the very large number of inputs involved in the complexity of the microbial processes. This is a very important weakness of MFC technology, because here no differences in the inputs were produced.
A last important point about the performance of Stack 1 can be obtained by the comparison of Periods 1 and 2. When cells were electrically connected in parallel (keeping their own hydraulic circuit without any changes), an increase in the current intensity was produced, as expected. This increase corresponds to the addition of the effect of the two cells, although the variability is very important, taking into account the day-profiles generated with the way of operation of the cells.
Regarding Stacks 2 and 3 (Part B of the figure), they were connected in series during the first period (80 days) and then the electric connection was changed to parallel during the last 20 days. The first important point is that series connection is expected to increase the cell voltage and it should not have an effect on the intensity. On the contrary, a parallel connection is expected to increase the current. However, opposite to what was expected, the intensity produced in Stack 3 not is not the same as in Stack 2 but is much lower. This difference and unexpected result can only be explained in terms of an increase in the ohmic resistance of the system associated with its larger size.
On the other hand, in comparing the two operation periods with each of Stacks 2 and 3, it can be seen that the change from series to parallel connection corresponds to an increase in the current intensity, up to a value that is slightly over the maximum intensity obtained for Stack 1. This value is about the same for the two stacks (Stack 2 and Stack 3). In this second case, it has to be taken into account that COD is almost depleted and hence that fuel might be limiting the process. At this point, Fig. 6 shows the relationship between the current produced and the COD consumed, which seems to support this explanation.
Polarization curves were measured at selected days within the operation of the three stacks. One representative polarization curve, obtained at the stationary conditions for each stack, is shown in Fig. 7 .
As can be observed, the shape of the polarization curves is as expected, with two zones clearly marked: the activation and the ohmic losses. The mass transfer zone is only guessed at in MFC1 when operated in a non-stacked mode.
The absence of this zone in all the other polarization curves is typical of the behaviour of MFCs, and it can be explained in terms of the very high ohmic losses of these systems, which completely mask this zone.
As expected, the connection in series of the MFCs leads to a very important increase in the OCV, while the connection in parallel leads to an increase in the maximum attainable current.
Thus, in Stack 1 it can be observed how when the electrodes were connected in parallel the I max was double than when studying the single MFCs, due to the sum of the intensities of both single MFCs, increasing the output energy of the system. The OCV of MFCs connected in series is larger. This is very noticeable in Part B for Stacks 2 and 3 but not in Stack 1.
On the other hand, as the power density is the product of the voltage and intensity, no great variations in the maximum power densities are found when comparing systems connected in series and parallel, although the shape of the power vs intensity curves is completely different.
The results shown in Fig. 7 correspond to one arbitrarily selected operation day. The changes over the operation time in the three most relevant parameters that define the polarization curves (OCV, maximum intensity and maximum power) are shown in Fig. 8 . This figure confirms the points raised in Fig. 7 . OCV increases with the number of cells connected in series, while maximum intensity with the number of cells is connected in parallel. The maximum intensity in the stack with 10 MFC is 8 mA, which is less than double than the nearly 6 mA that can be attained with the stack of five cells and slightly over the maximum value obtained by the stack of two cells. It should be taken into account that this nonlinear trend can be explained in terms of the consumption of fuel, which seems to be limiting in Stack 2 and especially in Stack 3. Regarding the OCV, the higher it is, the same can be found: in using only one cell, OCV is around 500 mV and this value increases to nearly 1800 mV in the stack of five cells (Stack 2) and to almost 2500 mV in Stack 3 (10 cells).
Conclusions
From this work, the following conclusions can be drawn:
-Single MFCs can be connected in series or parallel.
Connection in series does not show any relevant influence on the performance (except for an increase in the OCV) but connection in parallel allows the bioelectrochemical device to produce higher amounts of electricity than the single system, and they also allow the device to get a higher removal of COD. -Reproducibility of MFC technology is low, and by comparing two single MFC systems that have undergone exactly the same conditions, very important differences are found. Multiparametricity is the cause of this large variation. -Bulk processes occurring out of the vicinity of electrodes are relevant, but COD consumption and electricity produced depends directly on the total surface area of the device. -In totally connected systems (from the hydraulic point of view), a higher number of stacked cells is not a guarantee of higher electricity production. Depletion of the fuel and higher resistance can explain this unexpected result.
